The severity of the environment often influences animal cognition [1] [2] [3] [4] [5] [6] , as does the rate of change within that environment [7] [8] [9] [10] . Rapid alteration of habitat places limitations on basic resources such as energy, water, nesting sites, and refugia [8, 10] . How animals respond to these situations provides insight into the mechanisms of cognition and the role of behavior in adaptation [11] [12] [13] . We tested the hypothesis that learning plays a role in the navigation of the painted turtle (Chrysemys picta) within a model of environmental change. We radiotracked experienced and naive turtles at different developmental stages from two different populations as they sought out new habitats when their pond was destroyed. Our data suggest that the ability of turtles to navigate is facilitated in part by experience during a critical period. Resident adults repeatedly used specific routes with exceptional precision, while translocated adults failed to find water. Naive juveniles (1-3 years old) from both populations used the same paths taken by resident adults; the ability to follow paths was lost by age 4. We also used laboratory behavioral assays to examine the possible cues facilitating this precise navigation. Turtles responded to manipulation of the local ultraviolet environment, but not the olfactory environment. This is the first evidence to suggest that learning during a critical period may be important for how animals respond to changing environments. Our work emphasizes the need for the examination of learning in navigation and the breadth of critical learning periods across vertebrates.
Results and Discussion
Semiaquatic animals are particularly relevant systems in which to study behavioral responses to rapidly changing environments, in part due to the dichotomous nature of their habitat [14] . On land, such taxa incur high physiological costs due to dehydration, gravitational pressures, and thermal stress [14, 15] . During a catastrophic loss of habitat, semiaquatic animals have very little time to learn about or find suitable alternative habitat. Moreover, the importance of learning the surrounding terrestrial matrix is heightened by the rapid rate with which aquatic habitats can degrade. Thus, animals living in such systems should experience strong selection for traits involved in identifying alternative habitats quickly and efficiently, reducing the risks associated with traversing a stressful matrix. Understanding the mechanisms behind how these species locate distant resources affords unique insight into the mechanisms of learning and cognition and the role of behavior in the process of adaptation to such conditions [11] [12] [13] .
To investigate the mechanisms of learning in such conditions, we examined the importance of experience and age in the terrestrial movement patterns of the semiaquatic painted turtle (Chrysemys picta). Over our five-year study, we monitored a population of turtles exposed to rapid seasonal draining of their home ponds (hereafter ''drawdowns''). By documenting the precise movements of ''resident'' turtles (both adult and juvenile) fitted with radio transmitters and comparing these movements to turtles from a distinct and naive donor population translocated to the site (a straightline distance of 18.5 km), we aimed to assess the roles of memory and experience in navigating, and ultimately adapting to, rapidly changing environments. See the Supplemental Experimental Procedures available online for a full explanation of the telemetric and statistical methods.
Assessing Turtle Movements in Search of Alternative Habitat All resident adult turtles (n = 60) successfully reached a permanent water source following drawdown. Moreover, they did so rapidly, taking on average 16.9 hr (SE = 9.1, range = 2.2-33.25 hr). Despite the rapid and extreme alteration of their home habitat, we observed no mortality in telemetered resident animals.
Every resident adult used one of four very precise, highly predictable routes to locate alternative aquatic habitats (Figure 1) . These routes (350-850 m) were consistent both within and among individuals and within and across all five years of the study. Of the 51 animals tracked for two or more years, none switched routes or took routes not previously documented at the site. Using LOAS (Ecological Software Solutions) and ArcGIS 10.2.1 (Esri) software, we were able to document an exceedingly high level of repeatability at both the individual and population level. Adult resident turtles navigated with extremely high precision; 95% of points fell within 2.7 m and 100% of points within 3.1 m of the mean path (Figures 1 and 2 ). Movement to alternative habitat with such repeatability and precision at this spatial (meter-level accuracy over thousands of acres) and temporal (brief learning window) scale is rarely documented among vertebrates.
The Role of Experience in Navigating Terrestrial Habitat
In stark contrast to resident adults, none of the translocated adults (n = 30) successfully located water. Observed paths were circuitous, lacked apparent direction, and were inconsistent with those taken by resident adults; less than 0.1% of translocated points fell within 3.1 m of the mean resident route, and only 4.3% fell within 50 m of resident routes ( Figure 2 ). In fact, we were unable to accommodate 95% of the translocated adult points until moving 198.2 m from the nearest resident route (100% within 207.7 m). These results suggest that the successful navigation of terrestrial habitats observed in resident adults does not hinge upon incoming sensory information alone, and that traditional routes are not the paths of least resistance. Moreover, we found no evidence of homing (e.g., convergence of paths in the direction of their home pond, eastward; [16] ; Figure 1 ).
To quantify deviations of movement between groups, we calculated the proportion of each individual's points that overlapped a swath starting at the mean resident path and extending out across a range of distances (0.5-3.5 m at 0.5 m intervals and 5.0-245 m at 10 m intervals). In doing so, we quantified the precision of movements by individuals relative to the resident paths. Paths taken by translocated adult turtles were significantly different from those of resident turtles (general linear model, F 5,119 = 1669.972, p < 0.001; least significant difference [LSD], p < 0.001; Figure 2 ), despite starting near and frequently crossing the resident adult routes (Figure 1) .
We ceased tracking translocated adults after 21 days and returned all animals to their home pond, as it was clear that turtles were unable to find water (all resident adults found water within 33 hr). When we recaptured turtles, they had decreased in mass by 41.4% (range 28.8%-54.7%), demonstrating the substantial physiological consequences of a lack of behavioral ability. We therefore contend that these results reflect a lack of ability rather than a lack of motivation to seek water. 
Importance of Age and Critical Period
Juvenile turtles completely naive to the study site (1-year-old residents and 1-to 3-year-old translocated) used the same highly specific paths taken by resident adults, with comparable precision, speed, and success. All turtles less than 4 years old (n = 22; from resident and donor populations) successfully located permanent water sources after drawdown. First-year turtles (n = 7) from both populations used the established paths to find alternative water ( Figure 3) . Likewise, translocated 2-and 3-year-old juveniles (n = 7) also used traditional paths to navigate to alternative water, as did their resident counterparts of the same ages (n = 8; Figure 3 ). All 1-to 3-year-old juveniles found alterative water sources within 19.9 hr (SE = 11.3 hr; range = 3.75-35.1 hr) of leaving the water. Additionally, these juveniles navigated with precision comparable to adult residents, with 95% of locations falling within 3 m and 100% of locations falling within 3.2 m of the known routes; juvenile paths were not significantly different from those of resident adult turtles (resident juveniles: LSD, p > 0.999; translocated juveniles: LSD, p = 0.292; Figure 2 ).
Translocated juveniles that were 4 years old (n = 8), however, exhibited markedly different performances and were unable to follow the established routes (Figure 3) . Less than 1% of locations of 4-year-old translocated juveniles were recorded within 3 m of known routes, and only 47% were within 50 m of known routes (Figure 2) . Performances of the 4-year-old translocated juveniles differed significantly from the resident adults (LSD, p < 0.001), but not translocated adults (LSD, p = 0.947). Only two of the eight 4-year-old turtles managed to find alternative water. In contrast, resident 4-year-old turtles (n = 4) were as successful at finding alternative water as any other resident individual (LSD, p > 0.999; Figures 2 and 3) , with 95% of locations falling within 2.9 m and 100% of locations recorded within 3.1 m of the known routes.
The difference in performance between translocated 1-to 3-year-old turtles and turtles 4 or more years old suggests a critical learning period [17] . Paths may be learned and then ''crystallize'' during the first three years, after which learning does not occur. Although prior work has documented imprinting in navigation [18, 19] , our results document the specificity of the critical period and the spatial complexity of the learned paths. These results, taken in conjunction with the performance of adults from both populations and the lack of an ontogenetic shift in sensory ability (see ''Cues Facilitating Learning'' below), imply that successful terrestrial navigation hinges largely on experience. These data could be explained by an ontogenetic shift in sensory capabilities (e.g., [20, 21] ) in only one of our populations, although such a phenomenon is not currently known in turtles. Thus, a critical period for learning is the most parsimonious explanation for our data. To our knowledge, this is the first demonstration of a critical learning period in a reptile under ecologically relevant conditions.
Cues Facilitating Learning
Although navigation in a matrix of this complexity likely engages multiple cues, the specificity of movements by turtles in our study suggests the use of a very fine-scale, groundbased cue. To investigate the proximate mechanisms of navigation, we examined two hypothetical small-scale cues (olfaction and UV vision, sensu [22, 23] ) by running both juvenile (1-year-old) and adult (resident and translocated) turtles in Y-maze discrimination tasks in the laboratory.
Chemoreception is well developed in aquatic turtles [16, 24] , and previous studies have implicated its role in navigation [25] . We therefore presented turtles with randomized turtle and control scents (Supplemental Experimental Procedures). We failed to find evidence for olfaction in the fine-scale navigation (F 2,17 = 0.130, p = 0.879), with no group performing above chance (all p > 0.180).
In addition, turtles can detect and discriminate UV wavelengths [26] [27] [28] , and such cues may be used during directional orientation toward water [29] . Sloughed skin and feces also provide visual signals in the UV (T.C.R., unpublished data; [30] ), which may result in specific navigational paths. Thus, we presented turtles with UV-reflectant and control paths and randomized manipulations of supplemented local UV light (Supplemental Experimental Procedures). First-year turtles (n = 9) and resident adults (n = 10) successfully navigated Y-mazes in the presence of supplemental UV light, although translocated adults (n = 10) did not ( we cannot determine whether the inability of translocated adults to navigate paths is due to a change in neural processing or a loss of sensory perception, the latter was not the case in the resident population (Figure 4) . Similarly, although we have observed turtles responding to alternations of the UV environment, we do not know which aspects of the manipulation animals responded to (e.g., illumination, polarity, or wavelength). Nevertheless, our results, in conjunction with the published literature [26] [27] [28] [29] , suggest that UV light might be one of the possible cues that juvenile turtles use to learn paths.
Although the full suite of cues conceivably used by juvenile turtles is unknown, such cues seem to be largely incidental (e.g., cues left by previous animals) rather than direct (e.g., turtles moving in groups). Juvenile turtles might use such cues inadvertently left by passing turtles to learn routes. If direct cues were used, naive turtles, including translocated adults, might directly follow others. However, the movement of turtles on paths is sparse and infrequent; animals are virtually never in direct line of sight with each other. During 3,182 tracking hours, we never observed animals moving in tandem. Turtles left the ponds sporadically, and we observed no differences between the timing of sequential emergences of adults (10.6 6 2.2 hr) and the emergence of an adult followed by a juvenile (7.6 6 2.1 hr; t 99 = 0.449, p = 0.654). This, combined with the large area of the site and dense vegetation structure, limits the use of direct observation.
The precise navigation exhibited by resident adults and naive juveniles, and the absence of such abilities in the translocated adults, preclude the use of global cues during navigation at our site. Previous researchers have suggested that semiaquatic turtles use polarized light [29] , nonpolarized light [31] , a sun compass [32, 33] , or geomagnetic cues [34, 35] to orient toward water. The use of any large-scale cue would have resulted in turtles moving directionally in a ''cloud'' or ''swath'' toward water [36] rather than the precise paths observed. Moreover, these global cues do not explain the inability of translocated adults to find water, despite their proximity to water and overlap with residential routes (Figure 1 ).
Conclusions
Our study suggests that experience plays an important role in how animals respond to changing environments. Learning seems to behaviorally mediate the adaptive response to habitat loss in our system and ultimately demonstrates the adaptive benefits of plasticity under environmental fluctuation [37] . Memory, and potentially spatial memory, may facilitate these population-specific overland movements by adults (sensu [38] ). Indeed, experience with local cues is necessary for adults to successfully navigate the terrestrial habitat (Figure 1) , suggesting the possible role of spatial memory in navigation [39] . Reptiles [40, 41] , including C. picta [42] , seem capable of spatial memory [43] [44] [45] , although the nature of the spatial cues that adult turtles use to navigate the paths requires additional study.
These results expand our understanding of the complexity of vertebrate cognition. To our knowledge, this is the first evidence that learning during a short critical period plays a role in how animals respond to rapid environmental change. This work has implications for our understanding of how animals learn about their environment, the breadth of critical learning periods in vertebrates, and the factors necessary for the evolution of cognitive processes.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.cub. 2014.11.048.
Author Contributions
Both T.C.R. and A.R.K. contributed equally to this project. Representative sample of movement of naive juvenile turtles ages 1-3 years (red) and 4 years (yellow and green, for contrast) along the traditional resident routes (black; route numbers correspond to Figure 1 ) as they navigated from the temporary ponds (T) to permanent water sources (P). Also included is the only documented error (and subsequent correction) in the 1-to 3-year age class (white). This individual overshot the path during a period of intense rain. Still, this turtle was able to correct itself, return to the path, and enter the permanent water source at the identical location as all other turtles using this path. Route 2 = 8, route 3 = 4, route 4 = 7 individuals; multiple points per individual are shown.
